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Background
Mammalian ClC-2 is expressed widely and is activated by membrane hyperpolarization and cell swelling [2, 3] . Members of the ClC superfamily of voltage-gated Cl Ϫ The functions of ClC-2 are unknown, but it has been channels have been identified in plants, yeast, eubacteria, proposed to play roles in transepithelial Cl Ϫ transport archaebacteria, and various invertebrate and vertebrate [4] , intracellular Cl Ϫ regulation [5, 6] , and cell volume animals [1] . While the function and regulation of most homeostasis [3] . ClC channels are obscure, the conservation of ClC genes in widely divergent organisms suggests that they play important and fundamental physiological roles.
Six ClC genes are present in the C. elegans genome [7, 8] .
These genes have been termed termed clh (Cl Ϫ channel homolog)-1-6 [8, 9] or CeClC-1-6 [7] and are representaNine ClC genes have been described in mammals. Knocktive of the three major subfamilies of mammalian ClC out studies and the identification of disease-causing mutachannels [1] . Green fluorescent protein [7, 8] and lacZ tions indicate that mammalian ClC-1, ClC-5, ClC-Ka/K1, [9] reporter studies have demonstrated that clh genes are and ClC-Kb/K2 channels function in the regulation of expressed in a variety of worm cell types. Deletion mutamembrane potential, Cl Ϫ transport in intracellular vesigenesis of clh-1 has shown that this channel may be imporcles, and epithelial Cl Ϫ transport [1] . The physiological tant in seam cell function and whole-animal osmoregularoles of other mammalian ClC channels are not well detion [9] . The specific physiological functions of the other C. elegans clh genes are unknown. fined. C. elegans offers significant experimental advantages for current was Ϫ5 Ϯ 1 mV (n ϭ 14), which is close to the predicted value of Ϫ2 mV for a perfectly selective Cl Ϫ characterizing ClC biology. Here we report that C. elegans oocytes express a hyperpolarization-and swelling-actichannel. The replacement of bath NMDG with Na ϩ had no significant effect on E rev (Figure 3a) , and this result vated anion channel encoded by clh-3. CLH-3 has biophysical properties strikingly similar to those of mammademonstrated that the channel carrying the current is highly selective for anions over cations. lian ClC-2. The functional characteristics and primary structure indicate that CLH-3 and ClC-2 may be orReplacement of bath Cl Ϫ with Br Ϫ or I Ϫ shifted E rev by Ϫ1 thologs. Our results demonstrate that CLH-3 is activated mV and ϩ21 mV, respectively ( Figure 2a ). This finding during oocyte meiotic maturation and suggest that the indicated that the anion permeability sequence of the channel participates in signaling pathways that modulate channel is Cl Ϫ Ϸ Br Ϫ Ͼ I 
Results

C. elegans oocytes express a hyperpolarization-and
inhibited current by 20%-90% (Figure 3b ). Basal and swelling-induced currents were increased by acidic extra-
swelling-activated anion current
The C. elegans hermaphrodite gonad consists of two cellular pH and were inhibited by alkaline conditions (Figure 3c ). U-shaped arms connected to a common uterus ( Figure  1 ). Oocytes develop in the proximal region of the gonad Time-dependent activation of the current by hyperpolarand accumulate in a single row of graded developmental ization was fit by a biexponential function describing fast stages. The most differentiated oocyte is positioned next and slow components. The time constants for both comto the spermatheca, where it undergoes meiotic maturaponents were reduced significantly by cell swelling (Figtion and is then ovulated into the spermatheca and fertilure 3d). ized. Earlier-stage oocytes mature and are ovulated in a sequential, assembly lineϪlike fashion [10, 11] .
The inwardly rectifying Cl Ϫ channel is encoded by clh-3
The characteristics of the oocyte current bear striking Late-stage oocytes not undergoing meiotic maturation resemblance to those of mammalian ClC-2, a member of were patch clamped in the whole-cell mode. Strong hyperthe ClC superfamily of anion channels [1] . This observapolarization activated a small, inwardly rectifying current tion suggests that the channel is encoded by one or more (Figure 2a,c) . Inward current was activated further and of the six C. elegans clh genes. We carried out RNA interferdramatically by oocyte swelling (Figure 2b,c) . Swellingence (RNAi) [12] studies to test this hypothesis. Doubleinduced current activation followed the time course of oostranded RNA (dsRNA) complementary to clh-1, clh-2, cyte volume increase and could be reversed by oocyte clh-4, clh-5, and clh-6 had no effect on swelling-induced shrinkage (Figure 2d) . current ( Figure 4b ). In contrast, clh-3 dsRNA inhibited hyperpolarization (Ϫ100 mV)-activated current under Mean reversal potential (E rev ) for the swelling-induced Table 1 , the rate and extent of RVD were gether, these results demonstrate that the oocyte channel not significantly different in oocytes isolated from control, is encoded by C. elegans gene clh-3 (also termed CeClC-3;
buffer-injected, and clh-3 dsRNA-injected animals. Treataccession number AF173172; [7] ). ment of clh-3 dsRNA oocytes with 10 mM ZnCl 2 had no significant inhibitory effect on RVD. The combination of Ͼ99% of CLH-3 activity. The results shown in Table 1 Regulation of CLH-3 and ClC-2 [3] by cell swelling sugdemonstrate that CLH-3 plays no significant role in oogests that the channels play roles in cell volume homeostacyte RVD following hypotonic swelling. sis. When exposed continuously to hypotonicity, intact oocytes swell and undergo a partial regulatory volume Swelling-induced and basal CLH-3 activity vary during decrease (RVD) typical of many cell types. To assess the oocyte development role of CLH-3 in oocyte osmoregulation, we quantified
In early patch clamp studies, we observed that the amount RVD in oocytes swollen by exposure to 260 mOsm Na ϩ -of swelling required to activate CLH-3 varied by as much free (NMDG substitution) egg buffer. Oocytes were as 50-to 60-fold between different oocytes. Furthermore, treated with 2 M gramicidin 2 min prior to and during we found that there was a significant inverse relationship the hypotonic shock to ensure that membrane cation permeability was not rate limiting for RVD. Patch clamp between oocyte size and apparent channel volume sensi- The maximal swelling-induced current and rate of current activation were unchanged during oocyte development. rent in small compared to large oocytes ( Figure 5a ).
CLH-3 currents in small, early-stage oocytes activated at similar rates and to similar extents as did larger oocytes Oocytes increase in volume approximately 200-fold over at later stages of development (data not shown). These a 7-9 hr period prior to maturation and ovulation [10, results suggest that the number of functional channels 11]. The variability in the apparent volume sensitivity of remains constant in the developmental stages examined. CLH-3 as a function of cell size suggested that channel regulation changes during oocyte development. To test The minimum cell volume at which a volume-sensitive this hypothesis directly, we dissected a pair of oocytes, channel activates is termed the "set point." It is conceivone at a late and one at an early stage of development, from able that the set point of CLH-3 may be fixed at a volume single gonad arms and patch clamped them. As shown in close or equal to the size of a late-stage oocyte. In small, Figure 5b , a smaller, earlier-stage oocyte always required early-stage oocytes, more swelling would therefore be resubstantially greater swelling to activate CLH-3 compared to its paired larger, later-stage sister oocyte.
quired to reach the set point and activate CLH-3. If this hypothesis is correct, then it is conceivable that the channel might be constitutively activated in oocytes that have completed growth.
During late oogenesis when oocyte growth is complete, oocytes undergo meitoic maturation, which is marked by nuclear envelope breakdown (NEBD) (Figure 1 ) [10] . To test whether current was active in late-stage, full-grown oocytes, we isolated and patch clamped oocytes that had undergone NEBD in vivo. Whole-cell current was quantified within 15-20 s after we obtained whole-cell access. As shown in Figure 5c ,d, a strongly inwardly rectifying current was detected in oocytes with NEBD but not in earlier-stage oocytes with intact nuclear envelopes. The amplitude of this current continued to increase until it reached a stable plateau level, typically 3-4 min after we obtained whole-cell access (e.g., see Figure 6c ).
In NEBD oocytes, the replacement of bath Cl Ϫ with Br Ϫ or I Ϫ shifted E rev of the constitutively active current by Ϫ4 Ϯ 1 mV and ϩ21 Ϯ 1 mV (n ϭ 3), respectively. effect (percent change in current with DIDS ϭ 23% Ϯ Microinjection of worm gonads with clh-1, clh-2, clh-4, clh-5, or clh-6 dsRNA had no significant effect (p Ͼ 0.05) on swelling-induced 12%; n ϭ 5). Hyperpolarization-induced current activation current activation. For all dsRNA studies, swelling-induced currents at Ϫ120 mV was described by fast and slow time constants were measured when they had reached steady-state levels 9-13 min of 95 Ϯ 6 ms and 712 Ϯ 57 ms (n ϭ 3), respectively. The after hypotonic shock. Whole-cell current in oocytes from channel carrying the current thus has the same anion clh-3-injected worms was recorded for up to 27 min with no indication of additional channel activation. Values in (a,b) are means Ϯ S.E. selectivity, voltage sensitivity, and pharmacology as (n ϭ 5-34). dsRNA injections were performed 2-6 separate times CLH-3 (see Figure 3) . Furthermore, the shrinkage of Data in Figure 5c demonstrate that CLH-3 is constitutively active in full-grown oocytes undergoing meiotic maturation. However, it is not clear from these results whether the channel is activated after completion of cell currents in full-grown nonmaturing (NE; n ϭ 18) and oocytes with intact nuclear envelopes (NE; n ϭ 34). Currents were spontaneously maturing (NEBD; n ϭ 4) fog-2 oocytes. (b) Mean Ϯ measured within 15-20 s after whole-cell access was obtained.
S.E. whole-cell currents in wild-type oocytes with off-center nuclei (n ϭ 5) and in wild-type oocytes that had undergone NEBD (n ϭ 6) in vitro. Cell size did not change during in vitro maturation (see Results). (c) Whole-cell current in an oocyte with an off-center nucleus growth or during the maturation process. To address this and in an oocyte undergoing in vitro maturation. No CLH-3 activation was detected in the nonmaturing oocyte. CLH-3 was active in the issue, we carried out two additional sets of experiments.
maturing oocyte and continued to activate for approximately 3 min after whole-cell access was obtained.
Mutations in certain C. elegans sex determination genes, such as fog-2, block sperm production in hermaphrodites [13] . The presence of sperm is required for normal pro- gression of meiotic maturation. Late-stage fog-2 oocytes reach full-grown size, but they arrest in diakinesis for many hours to days [10] . Since ovulation is triggered by maturation, full-grown oocytes accumulate in the gonad of fog-2 worms. We reasoned that if completion of growth activates CLH-3, then the channel should be active in late-stage fog-2 oocytes. However, as shown in Figure 6a , full-grown fog-2 oocytes show no basal CLH-3 current activity.
Meiotic maturation occurs in fog-2 worms, but only sporadically at rates Ͻ1/40 of that of wild-type nematodes [10] . Despite this low maturation frequency, we were able to identify and patch clamp four fog-2 oocytes undergoing maturation. Two of these oocytes underwent maturation were performed 4 separate times. The timing of contractions in buffer-injected worms was similar to that of control animals (data not shown).
We also carried out a series of experiments on wild-type oocytes undergoing maturation in vitro. Shortly before maturation begins, the nucleus increases in size and migrates to the cell periphery ( [10] ; Figure 6b ). Oocytes with ovulatory contractions and spermatheca dilation [10, 14] . centrally located nuclei were never observed to undergo
However, the precise mechanisms of intercellular signalmaturation after isolation from the gonad. However, when ing are incompletely understood. oocytes with off-center nuclei were isolated and placed in a bath chamber, all of them underwent NEBD within Activation of CLH-3 during meiotic maturation (Figure 2-10 min (mean time to NEBD ϭ 6.2 Ϯ 1 min; n ϭ 6) suggested that the channel might function in signaling 9). Cell volume did not change significantly during the cascades that regulate the maturation process and/or fertilmaturation process; mean relative cell volume at the beization events. To test this hypothesis, we determined ginning of NEBD and 6 min later was 1.0 Ϯ 0.01 and the number of progeny produced, and we quantified the 1.01 Ϯ 0.03 (n ϭ 4 and 5), respectively. timing of processes associated with ovulation in worms injected with buffer or clh-3 dsRNA. The mean Ϯ S.E. In separate experiments, we patch clamped oocytes with number of progeny generated over a 36 hr period following off-center nuclei and oocytes that had undergone NEBD buffer and dsRNA injection was 133 Ϯ 9 (n ϭ 34) and in vitro. As shown in Figure 6b ,c, no current activity was 129 Ϯ 11 (n ϭ 29), respectively, and the two were not detected in oocytes with off-center nuclei that had intact significantly different (p Ͼ 0.7). Similarly, the timing of nuclear envelopes. However, in oocytes undergoing in NEBD and cortical rearrangement, events that mark meivitro NEBD, we detected CLH-3 activity immediately otic maturation, and entry of the fertilized egg into the upon obtaining whole-cell access. After we obtained uterus as well as embryo morphology were unaffected by whole-cell access, CLH-3 continued to activate until the CLH-3 RNAi (data not shown). Taken together, these current reached a stable plateau level (Figure 6c) . Taken results indicate that CLH-3 does not play essential roles together, the results in Figure 6 demonstrate that CLH-3 in cell cycle progression, fertility, or embryo survival. is activated during meiotic maturation rather than after However, it should be emphasized that residual channel completion of oocyte growth. activity remaining after RNAi may be sufficient for normal reproduction. Knockout of the channel gene may reveal
RNAi of CLH-3 alters timing of sheath contractions
reproductive and cell cycle control functions of CLH-3 In the C. elegans gonad, meiotic maturation occurs only in that are not apparent in RNAi studies. the oocyte located immediately adjacent to the spermatheca ( [10] ; Figure 1 ). Once maturation begins, signaling events are triggered that induce a dramatic increase in Prior to meiotic maturation, sheath cells contract weakly sheath cell contractility and dilation of the distal spermaand intermittently at a basal rate of 7-8 contractions/min theca. Sheath ovulatory contractions drive the oocyte into ( Figure 7 ). Approximately 4-5 min after meiotic maturation the dilated spermatheca, where it is fertilized. This matubegins, sheath cell ovulatory contractions are initiated. ration and ovulation cycle repeats every 20-40 min [10] .
During this contractile cycle, both the force and rate of sheath contractions increase dramatically (Figure 7 ). OvuSignals from the maturing oocyte control both sheath cell latory contractions are inhibited rapidly after the oocyte onstrated that ClC-2Ϫlike channels do not contribute to cell volume homeostasis [20] . completes its entry into the spermatheca ( [10] ; Figure 7 ).
Data shown in Figures 5 and 6 demonstrate that CLH-3
The activation of CLH-3 in the maturing oocyte sugis activated during oocyte meiotic maturation. Both meigested that the channel might function to regulate ovulaotic and mitotic cell cycle progression are cellular protion. The disruption of CLH-3 expression by RNAi had cesses highly conserved in all eukaryotic organisms. The no effect on the timing of spermatheca dilation and ovustrong conservation of the basic properties of CLH-3 and lation (data not shown). However, the knockdown of ClC-2 may therefore reflect the existence of conserved CLH-3 activity induced premature sheath cell ovulatory cell cycle-dependent signaling pathways that regulate the contractions. In clh-3 dsRNA-injected animals, sheath activity of both channels. In this regard, it is particularly contractions began approximately 2 min earlier than in interesting to note that ascidian embryos express an incontrol (data not shown) or buffer-injected worms ( Figure  wardly rectifying Cl Ϫ current similar to the CLH-3 and 7). These results suggest that the activation of CLH-3 in ClC-2 Cl Ϫ current that is activated by cell swelling and the maturing oocyte functions as a negative or inhibitory hyperpolarization. The physiological functions and molecregulator of sheath cell ovulatory contractions. ular identity of this channel are unknown, but current amplitude increases nearly 10-fold during mitotic cell cy-
Discussion
cle progression [26] . The biophysical characteristics of CLH-3 as it is expressed in its native cellular environment bear striking resemAn interesting aspect of CLH-3 regulation is the apparent blance to heterologously expressed mammalian ClC-2.
change in the volume set point of the channel as oocytes ClC-2 exhibits a Cl Ϫ Ͼ Br Ϫ Ͼ I Ϫ anion selectivity segrow and develop ( Figure 5 ). We have demonstrated requence [2, 4, 15] , is activated by cell swelling and hyperpocently that serine/threonine dephosphorylation triggers larization [2] [3] [4] [15] [16] [17] [18] , is relatively insensitive to disulchannel activation during both cell swelling and meiotic fonic stilbene derivatives such as DIDS [2, 4, 15, 17] , and maturation (E. R. and K. S., unpublished data). It is possible is inhibited by NPPB, Cd 2ϩ , and Zn 2ϩ [4, 15, 17] . Voltagethat developmental changes in the activity of phosphoryladependent activation is enhanced by cell swelling [3, 15] . tion signaling pathways account for the change in the Acidic extracellular pH activates ClC-2, while alkaline pH swelling sensitivity of CLH-3. Additional investigations inhibits the channel [15, 16] . Native ClC-2Ϫlike currents of this possibility are clearly warranted, particularly in exhibit properties similar to those of heterologously exlight of the fact that the ClC-2-like current in T84 cells pressed ClC-2 [5, [19] [20] [21] [22] . Based on its functional properis also regulated by protein dephosphorylation events [22] . ties and primary structure, which is 40% identical to ClC-2, we suggest that CLH-3 is a ClC-2 ortholog.
In addition to the activation of CLH-3, a number of other physiological changes occur during meiotic maturation of Nematodes are estimated to have diverged from other C. elegans oocytes. Signals from the maturing oocyte trigger animals 600-1200 million years ago [23] . The striking a dramatic increase in both the force and frequency of conservation of the basic properties of CLH-3 and ClC-2 sheath cell contractions. These ovulatory contractions over such long evolutionary time spans suggests that the drive the maturing oocyte into the spermatheca [10] . The two channels may have similar physiological roles and activation of CLH-3 during meiotic maturation suggested regulatory mechanisms. One possible function of CLH-3 that the channel might modulate sheath cell function. that is expected to be highly conserved is cell volume Consistent with this hypothesis, we observed that sheath regulation, which is essential for the survival of all organcell ovulatory contractions are triggered prematurely when isms. However, RNAi studies argue strongly that CLH-3 CLH-3 expression is disrupted by RNAi (Figure 7 ). plays no significant role in the recovery of oocytes from These results suggest that CLH-3 functions in a signaling hypotonic cell swelling ( Table 1) .
pathway that modulates sheath cell contractile activity.
Similarly, there is no evidence that native ClC-2 channels GFP reporter studies have not detected CLH-3 expresplay a role in cell volume control. Volume regulation is a sion in sheath cells [7, 8] (L. B. and A. L. G., unpublished ubiquitous and fundamental cellular homeostatic process. data). Thus, CLH-3 activity in the maturing oocyte most Consistent with this observation, virtually all vertebrate likely controls sheath cell function. Oocytes are coupled cells studied to date have been shown to express an outto sheath cells by gap junctions [11] , which indicates that wardly rectifying, swelling-activated anion current that cell-to-cell communication may be mediated by chemical functions in cell volume regulation [24, 25] . In contrast, and electrical signals. swelling-activated ClC-2Ϫlike currents have been reported in only a few vertebrate cell types (e.g., [19] [20] [21] [22] decreases in open probability [30] . Given the strong in-
, where CSA is the cell cross-sectional area ward rectification of CLH-3 (Figure 2 ), we propose that measured at a single focal plane located at the point of maximum oocyte activation of the channel during meiotic maturation depo- Gonad arms were dissected in egg buffer as described above, were cells that are electrically coupled to oocytes via gap junctransferred through two separate 10 ml buffer washes, and were then placed in a disposable 0.25 ml bath chamber. After an oocyte was tions [11] . The striking conservation of functional properejected, the gonad was removed, and the chamber was perfused with 50 ties and primary structure suggest that CLH-3 is an orml egg buffer. Single washed oocytes were transferred by micropipette to tholog of mammalian ClC-2. Our studies have provided 2 l of distilled water in a PCR tube and were lysed by freeze-thawing.
unique and experimentally testable insights into the funcSamples of perfusate surrounding oocytes were also placed into PCR tubes. The volume transferred was approximately 2-to 3-fold greater tion and regulation of mammalian ClC-2 specifically and than the fluid volume transferred with the oocyte. We performed nested of ClC channels in general, as well as insights into the role RT-PCR to determine the presence of clh-3 transcripts in oocytes. We of ion channels in controlling cell cycle-related processes.
had the primers flank DNA sequence containing five introns in order to distinguish the amplification of cDNA from that of genomic DNA.
Material and methods
Isolation of oocytes Progeny counts
Young adult hermaphrodites containing 0-5 embryos were injected with The N2 (Bristol) and CB4108 fog-2 (q71) [13] C. elegans strains were cultured at 25ЊC by standard methods. We isolated gonads by placing clh-3 dsRNA or an equivalent volume of buffer. Injected worms were purged of already-formed embryos and were allowed to recover for 4 single nematodes in egg buffer (118 mM NaCl, 48 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , and 25 mM Hepes [pH 7.3, 340 mOsm]) and hr. The number of progeny produced was measured at 25ЊC by the serial transfer of individual parents to growth plates at 12 hr intervals cutting them behind the pharyngeal bulb and in front of the spermatheca by using a 26 gauge needle. Isolated gonads were transferred to a patch for a total of 36 hr. Experiments were repeated three times, and the results were averaged to yield mean brood sizes. clamp bath chamber. Late-stage oocytes were spontaneously released from the cut end of the gonad. We isolated early-stage oocytes by dissecting sheath cells away from the gonad with glass micropipettes Video microscopy analysis of gonad function under micromanipulator control.
Worms were anesthetized in M9 buffer containing 0.1% tricaine and 0.01% tetramisole for 30-40 min and were placed on 2% agar pads as described previously [10] . Anesthetized worms were imaged by DIC
Patch clamp recordings and oocyte volume measurements
Oocytes were allowed to attach to the cover slip bottom of a bath microscopy, and images were recorded on video tape at approximately one-fifth video framing rates with a Princeton Instruments MicroMAX chamber mounted onto the stage of an inverted microscope. Patch electrodes were pulled from 1.5 mm outer-diameter silanized borosilicate cooled CCD camera. 
